The very high occurrence of cardiovascular events presents a major public health issue, because treatment remains suboptimal. Lowering LDL cholesterol (LDL-C) with statins or ezetimibe in combination with a statin reduces major adverse cardiovascular events. The cardiovascular risk reduction in relation to the absolute LDL-C reduction is linear for most interventions without evidence of attenuation or increase in risk at low LDL-C levels. Opportunities for innovation in dyslipidaemia treatment should address the substantial risk of lipid-associated cardiovascular events among patients optimally treated per guidelines but who cannot achieve LDL-C goals and who could benefit from additional LDL-C-lowering therapy or experience side effects of statins. Fresh approaches are needed to identify promising drug targets early and develop them efficiently. The Cardiovascular Round Table of the European Society of Cardiology (ESC) convened a workshop to discuss new lipid-lowering strategies for cardiovascular risk reduction. Opportunities to improve treatment approaches and the efficient study of new therapies were explored. Circulating biomarkers may not be fully reliable proxy indicators of the relationship between treatment effect and clinical outcome. Mendelian randomization * Corresponding author. Tel: þ353 872 622 946, Fax: þ353 1 414 3052, Email: ian@grahams.net † Co-chairs. ‡ The full list of all participants is given in Appendix.
Introduction
Cholesterol levels in Western populations have declined over the last few decades. 1 However, in many patients, they remain above the guideline recommended levels. 2 For those at high risk of cardiovascular events, randomized clinical trial evidence has convincingly shown that lowering LDL cholesterol (LDL-C) to <70 mg/dL (1.8 mmol/L) with high-intensity statins [3-hydroxy-3-methylglutaryl-coenzyme (HMG-CoA) reductase inhibitors] or ezetimibe in combination with statins reduces the risk of major adverse cardiovascular events. 1, 3 Meta-analyses 4, 5 and clinical trial 6, 7 data suggest that this benefit may extend to 50 mg/dL (1.3 mmol/L) or lower. The reduction in cardiovascular risk appears to be linear in relation to the absolute reduction in LDL-C without any apparent evidence for a levelling off or of a J-curve at lower levels. 4, 7 However, only a minority of patients in major statin trials achieved low LDL-C levels (<50 mg/dL, 1.3 mmol/L), 8, 9 and while a greater proportion can achieve these levels with PCSK9 inhibitors, many patients remain at high risk despite low LDL-C levels. It is therefore not surprising that LDL-C-related cardiovascular events are still a major public health issue, even among patients receiving highintensity statin therapy with and without additional therapy. Innovations in the field of dyslipidaemia should address several areas of unmet need. First, there is substantial risk of cardiovascular events that remains even among patients receiving statin therapy whose LDL-C is <70 mg/dL. 10 Second, effective strategies are still needed to lower LDL-C in patients who experience adverse effects on maximally tolerated statin therapy. New therapies might address both needs, but given the time and cost of developing, registering, and marketing these treatments, novel approaches are needed to reliably identify promising drug targets early and efficiently develop candidate drugs. Third, access to evidence-based therapies with proven benefit is problematic for many patients. Accordingly, better alignment between drugs with regulatory approval, payer decisions on reimbursement, and internationally recognized clinical guidelines are desirable goals. The Cardiovascular Round Table ( CRT) of the European Society of Cardiology (ESC) convened a 2-day workshop (27-28 September 2016 ) to discuss new lipid-lowering strategies for the reduction of cardiovascular risk beyond those currently available. This article summarizes the key discussions from the workshop and provides an overview of the evidence base for lipid lowering to reduce cardiovascular risk, identifies new opportunities to improve treatment approaches, considers strategies for the development of new therapies for novel targets based on accumulating knowledge, and calls for engagement of all stakeholders to promote continued innovation in the field and ensure access to safe and effective therapies that improve patient outcomes.
New strategies to extend the evidence base for LDL-C lowering Although the international guidelines are complex and contain significant differences in tools used to assess risk, thresholds for treatment initiation, and application of LDL-C treatment goals (see Supplementary material online, Table S1 ), 11 the extent to which these differences are clinically important remains uncertain. Different guidelines and treatment qualification standards can, however, present challenges for pharmaceutical companies planning global drug development programmes. Notwithstanding some variation in the details, the guidelines consistently recommend intensive LDL-C lowering among patients at high or very high cardiovascular risk (see Supplementary material online, Table S1 ). Despite these recommendations, data suggest that LDL-C goals are achieved in <25% of very high risk and <40% of high-risk patients. 2, 12 Intolerance, non-adherence, and underprescribing are all factors that contribute to the low proportion of patients reaching treatment goals. Thus, opportunities remain to improve the attainment of LDL-C goals in patients at risk of cardiovascular events.
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LDL-C lowering has dominated the dyslipidaemia field, primarily because it is the only parameter that has been well studied as a surrogate that explains the predominant effects of agents that up-regulate the LDL receptor and shown to reliably reflect cardiovascular outcomes in major randomized controlled clinical trials. However, in some patient subsets, the cardiovascular risk associated with LDL-C alone might be less than that associated with other lipid parameters (e.g. non-HDL-C or apolipoprotein B), 13 although it is important to separate risk estimation from treatment response. Guideline recommendations necessarily focus on LDL-C as the target of therapy, because drugs that primarily lower LDL-C have been found to reduce cardiovascular events in major randomized controlled clinical trials, 1, 3 whereas drugs focused on raising HDL-C or lowering triglycerides have not. Investigators should aim to further the study of non-HDL-C, so future guideline iterations can comment on its importance.
Relative and absolute cardiovascular risk
Relative cardiovascular risk declines as LDL-C is decreased, and, while theoretically a 'floor' exists, the level at which LDL-C reduction does not further reduce risk has not been defined. 4, 5 Reduced progression and regression of atherosclerosis has been demonstrated with high-intensity statin therapy, and it is proportional to the degree of LDL-C lowering. 14, 15 Recent evidence has also shown that treatment with the PCSK9 inhibitor evolocumab compared with placebo, on the background of statin therapy, resulted in lower LDL-C levels (36.6 vs. 93 mg/dL, P < 0.001), a greater decrease in percent atheroma volume (PAV) over 78 weeks of treatment and a larger proportion of patients with PAV regression. 16 The recent Further Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk (FOURIER) trial showed that evolocumab improved cardiovascular outcomes (hazard ratio 0.85, 95% confidence interval 0.79-0.92; P < 0.001, for the composite of cardiovascular death, myocardial infarction, stroke, hospitalization for unstable angina, or coronary revascularization) compared with placebo in patients with clinically evident atherosclerotic disease on optimal lipid-lowering therapy (69% on high-intensity statin and 30% moderate intensity statin). 7 An absolute difference in LDL-C of 50 mg/dL was achieved at 168 weeks between the evolocumab (median 30 mg/dL) and placebo group, demonstrating that cardiovascular risk reduction can still be achieved at lower LDL-C levels, without evidence of a benefit threshold or increased risk at the lowest quartile of baseline LDL-C. Despite advances in therapy, many patients remain at increased cardiovascular risk. Developing new therapies that further reduce risk when added to optimal statin and other preventive therapies remains a challenge. Although the reduction in relative risk is proportional to the degree of LDL-C lowering, the reduction in absolute risk over a given period of time will be less at lower LDL-C levels (Figures 1 and 2) . 17 As absolute risk reductions decline, the number needed to treat (NNT) for a given time rises, as will the sample size for cardiovascular outcome trials with a fixed power to detect a constant relative risk reduction. 18 This paradigm increases the time and cost of development and also has a secondary impact on costeffectiveness, which becomes less with lowering absolute risk and higher NNTs for a constant relative risk reduction. Net benefit considers baseline cardiovascular risk, baseline LDL-C, the expected LDL-C reduction and corresponding expected relative risk reduction. 10 Larger reductions in LDL-C are needed to realize clinically meaningful reductions in cardiovascular risk at lower levels of baseline LDL-C. Thus, therapies that have modest effects on LDL-C may have insufficient impact on cardiovascular risk in this context.
It is acknowledged that clinical trials of new therapies in patients at high cardiovascular risk must be conducted against a background of usage of a moderate or high-intensity statin. Although there are clear ethical reasons for studying new therapies on top of statins, an add-on approach may not fully characterize potential efficacy; a new therapy could have advantages over existing therapy, or in specific patient subpopulations, that are difficult to detect in add-on trials. Further, while it is theoretically possible that some high-risk populations may not need a statin but could benefit from drugs that target other lipid pathways, this approach has not been studied. Add-on therapies also pose problems related to patient adherence with taking multiple drugs or doses and cost; less expensive or better tolerated LDL-C-lowering alternatives may be desirable. Thus, there is concern that studying new agents on top of moderate-/high-intensity statins creates challenges that may stifle innovations in the lipid field, such as the need for large trials, small absolute risk reductions, Therapies to reduce cardiovascular risk consequently higher NNT, uncertain acceptance in clinical practice, and second-or third-line placement in guideline recommendations. Identifying niche indications could be another strategy. Placebocontrolled trials of a new agent could be performed in statinintolerant patients, although statin intolerance in clinical practice is often subjective and many can tolerate some dose of a statin. 19 Statin intolerance is not an easily recognizable entity from a regulatory standpoint, and clinically reported rates differ substantially from those reported in randomized controlled trials. 20 Regulators acknowledge there is no consensus definition for statin intolerance, but the European Medicines Agency (EMA) guideline indicates 'there should be documented evidence of intolerance due to emerging adverse events to 2 different statins administered in doses required to achieve the target LDL-C level'. 21 A statement to provide guidance for the diagnosis and management of statin-associated muscle symptoms has also been issued by professional societies, 22 but the absence of a standard definition may be used as justification to deny reimbursement post-approval. Conducting trials in patients with documented statin-intolerance is operationally difficult, in part due to the challenge of developing a rigorous definition and the lack of any objective tests. For example, only 43% of the patients randomized to the rigorous placebo-controlled crossover atorvastatin rechallenge phase of the Goal Achievement After Utilizing an anti-PCSK9 Antibody in Statin-Intolerant Subjects-3 (GAUSS-3) trial had recurrence of symptoms on atorvastatin but not placebo and were eligible to proceed further in the trial. 23 This challenge to patient recruitment cannot be disregarded, especially for cardiovascular outcome trials where large sample sizes are generally needed. Multiple risk factors contribute to cardiovascular disease; therefore, targeting other risk factors such as smoking cessation and improved management of hypertension in conjunction with LDL-C lowering is another strategy to achieve greater cardiovascular risk reduction in high-or very high-risk patients who are already treated with high-intensity statin. 24 Such trials may be useful to inform guidelines but are less useful to support drug approval for a specific agent if it is difficult to ascertain which component of the strategy had the greatest influence on cardiovascular risk.
Duration and early initiation of therapy
As an alternative to add-on therapy, a strategy for earlier initiation of LDL-C-lowering therapy in lower risk individuals may be another approach to reduce cardiovascular events by reversing or preventing atherosclerosis. 25, 26 Ideally, a randomized controlled trial would be convened to answer the question of whether longer exposure to lower levels of LDL-C influences the development or progression of atherosclerosis. Such an approach would unfortunately likely be infeasible due to the requisite time and costs involved. Observational epidemiological studies are more feasible, but they are plagued by problems of confounding, reverse causation, and other biases. Thus, observational studies can only provide information on associations, not causality. 27 As an alternative, the field has turned towards a method termed 'Mendelian randomization'. Mendelian randomization studies use genetic variants that reflect the modifiable exposure of interest (e.g. genetic variants associated with LDL-C levels in this case) to make inferences about causality. 28 Mendelian randomization studies offer advantages over observational epidemiological studies, because they group individuals according to the genetic variant of interest. This approach mimics randomization, because alleles are allocated randomly at conception, independently of other alleles. The random, independent, and non-modifiable nature of this genetic process makes Mendelian randomization studies generally free from the factors that would typically confound an observational study. 27 Furthermore, although observational studies can only detect associations, the attributes of Mendelian randomization studies make them reasonably similar to prospective randomized trials, enabling assessment of causality.
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A meta-analysis of Mendelian randomization studies suggested that a very small lifelong increase in LDL-C may be associated with substantially increased risk of coronary heart disease. 29 In this metaanalysis, there was no heterogeneity (I 2 0.0%, P = 0.998) in the finding that exposure to single nucleotide polymorphisms (adjusted per 0.25 mmol/L lower LDL-C) were associated with a lower risk of coronary heart disease. 29 This strategy reflects a 'lower for longer' concept 29, 30 that could mimic the low rates of coronary events for instance observed in people with low lifelong levels of LDL-C due to non-sense mutations in PCSK9. 31 The legacy effect 32 observed with statin therapy also provides support for the concept that achieving low LDL-C levels can have lasting beneficial effects, most specifically in primary prevention. In the 20 years of follow-up of the West of Scotland Coronary Prevention Study (WOSCOPS), reductions in all-cause mortality, cardiovascular mortality, and coronary mortality were observed for patients originally randomized to pravastatin vs. placebo. 32 The number and rate of any cardiovascular hospitalization were lower for the pravastatin group compared with the placebo, as were cause-specific hospitalizations including myocardial infarction, heart failure, and coronary heart disease. 32 The investigators did not observe an increased risk of overall or cause-specific cancers. 32 This documentation of a long-term legacy effect following a relatively short-term randomized treatment could support more salutary cost-benefit relationships for expensive new preventive agents. 25, 26, 33 The 'lower for longer' paradigm differs from the traditional approach to drug development. Drug outcome trials generally have a duration of about 5 years. The concept of a low-dose statin starting at an early age and continued for many years, although theoretically attractive and plausible, has not been tested and appropriate trials might be clinically and ethically challenging. From a regulatory standpoint, labelled indications would initially not likely reflect the legacy effect, which is related to the duration of follow-up rather than the treatment effect per se, but amendments could be made later. The results of clinical trials designed to evaluate the efficacy of achieving low LDL-C for long durations would also be reflected in clinical guidelines and could potentially impact reimbursement decisions.
Safety of very low LDL-C levels
Concerns have been raised about lowering LDL-C levels to very low levels, 20, 34, 35 emphasizing the importance of assessing the safety of this approach. To address this concern, the biology of cholesterol should be considered. Intracellular cholesterol homeostasis is a finely regulated process that involves cholesterol synthesis and uptake. 36 Some tissues such as the brain remain independent of circulating cholesterol levels. 37 Other tissues with a high demand of cholesterol such as the adrenal apparently preferentially utilize serum HDC cholesterol (HDL-C). 38, 39 In tissues that do utilize serum LDL-C, the threshold concentration required to support proliferation is low (<0.5 mg/dL), and other cholesterol sources such as HDL-C can be utilized if needed. 40, 41 In contrast to intracellular cholesterol, extracellular LDL-C is found in the circulation, where it plays a major role in atherosclerosis and its complications at excess or elevated levels. The physiological level of LDL-C at 25 mg/dL was suggested in 1977 based on the work of Goldstein and Brown. 42 Given the open questions regarding the relationship of low LDL-C levels to adverse effects, non-uniformity in lipid measurements across studies is a limitation to interpreting the findings of associations between low LDL-C and off-target adverse effects. The currently available evidence does not indicate that low circulating (i.e. extracellular) LDL-C portends excess risk, 7, 20, 43 but future studies will further clarify this important issue.
Expanding targets beyond LDL-C: strategies for further drug development
The successes with drugs that predominantly lower LDL-C by upregulating the LDL receptor have made LDL-C reduction an accepted primary efficacy surrogate endpoint to explain the predominant effect of these drugs and support registration and a claim of lipid lowering in patients with hypercholesterolaemia, although a harmful effect on morbidity and mortality should be excluded before registration for new, non-statin therapies that lower LDL-C. 21 These data can be generated either from a dedicated cardiovascular outcomes trial or using a meta-analytic/pooled approach. 21, 44 Changes in other parameters, for example triglyceride levels (and their associated remnant lipoproteins), HDL-C, apolipoproteins, lipoprotein(a), qualitative lipid abnormalities, or inflammation, have either not been tested or not consistently correlated with beneficial effects on cardiovascular outcomes. As a result, these measures are only acceptable as secondary endpoints for clinical trials from a regulatory point of view (see Limitations of biomarkers section). 21 For drugs modifying lipid parameters other than LDL-C, demonstration of a positive clinical outcome in terms of morbidity and mortality is required for both market approval in Europe and for clinicians, as randomized, controlled, outcome trials form the basis for evidencebased guidelines. 21 Importantly, region-specific requirements may vary regarding the size of the safety database or the need for local pharmacokinetic or pharmacodynamic data, which adds complexity for global trials. Despite the association of some lipid parameters such as low HDL-C with cardiovascular risk in epidemiological population-based observational studies, Mendelian randomization studies have remained inconclusive, 45 and many apparently promising pharmacological approaches did not prove effective or were confounded by off-target effects when tested in randomized controlled trials.
Limitations of biomarkers
As extensively reviewed elsewhere, a circulating biomarker may be associated with cardiovascular risk, but association does not necessarily imply causality and a biomarker's association with outcome is insufficient to conclude that interventions that influence biomarker levels will also modify outcome. 46, 47 Lipoprotein-association phospholipase A 2 (LP-PLA 2 ) was a promising therapeutic target, 48 but its inhibition did not improve outcomes despite a reduction in LP-PLA 2 activity. [49] [50] [51] Another well-known example is HDL-C, a marker that reflects reverse cholesterol transport and was associated with cardiovascular events. 52 In the dal-OUTCOMES trial, dalcetrapib increased HDL-C to an extent that would be expected to exert favourable effects on clinical outcomes, but it did not reduce the risk of cardiovascular events. 53 In addition to circulating biomarkers, functional (e.g. cholesterol efflux, antioxidant activity, anti-inflammatory activity, and proteomics) and imaging biomarkers are often employed later in Phase 2 to provide more evidence around the expected mechanism of drug effect. Functional biomarkers aim to reflect the factors leading to atherosclerosis progression or instability. Imaging biomarkers such as intravascular ultrasound provide information on atherosclerotic disease burden, atheroma volume, or plaque regression. [54] [55] [56] Biomarkers other than LDL-C are not yet acceptable to obtain drug approval, but they can provide information relevant to the biological plausibility of a drug's effect and partially inform drug development decisions, provided the data are interpreted with appreciation for its limitations. 57 
Selecting the correct target population
The risk of coronary heart disease increases with increasing triglyceride levels, but treatment of triglycerides with fenofibrate did not reduce the incidence of major cardiovascular events [non-fatal myocardial infarction (MI), non-fatal stroke, or cardiovascular death] in the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial. 58 Subgroup analysis suggested a possible signal for benefit in patients with triglyceride levels > _204 mg/dL and HDL-C < _ 34 mg/dL. Although subgroup analyses are inherently limited and inconclusive, 59 the subgroup finding was consistent with other studies. 60, 61 Thus, the lack of benefit observed in this trial may have been more closely related to the population studied, which overall did not have severely elevated triglyceride levels (median triglyceride 162 mg/dL, median HDL-C 38 mg/dL). 58 A prospective, randomized trial conducted in a population similar to this subgroup would be necessary to confirm the findings observed in the subgroup analysis. Similarly, in the Outcome Reduction with an Initial Glargine Intervention (ORIGIN) trial and the Heart Protection Study 2-Treatment of HDL to Reduce the Incidence of Vascular Events (HPS2-THRIVE), the study populations did not reflect a population that would typically be treated with or expected to benefit from omega-3 polyunsaturated fatty acids (ORIGIN) or niacin (HPS2-THRIVE). 62, 63 These examples underscore the importance of carefully considering the target population when designing clinical trials of future lipid therapies.
Applying lessons learned to strategies for future drug development
Pursuing clinical trials that are aimed at targets not clearly causally associated with increased risk diverts limited resources away from This approach could be of considerable importance in patient populations too small to support a cardiovascular outcomes trial. Cardiovascular clinical trials have traditionally enrolled broad patient populations in large, simple trials and have used an 'intentionto-treat' approach that will detect any overall net benefit. This approach is undoubtedly appropriate at the population level, but it poses challenges because, in any given trial, some patients may not be responsive to the therapy and, for a trial to demonstrate a positive effect overall, the treatment effect must be large enough to overcome the 'noise' of non-response. Thus, the size, complexity, cost, and risk of failure for conducting such trials have resulted in conversations about moving towards targeted populations with specific phenotypes (precision medicine). 69, 70 A more efficient strategy for dyslipidaemia clinical trials may be to focus initially on efficacy evaluation in a narrow target study population, enriched with the target of interest, for example a study population enriched with patients with high lipoprotein (a) levels for a therapy targeting lipoprotein (a) or to target combined familial hyperlipidaemia with raised tryglyceride level for a triglyceride-lowering drug. This may be followed by expansion to clinical trials in broader but still clinically appropriate populations. This will also depend on the indication claimed. The EMA's pilot adaptive pathway programme was launched to potentially accelerate patients' access to medicines and may also be applicable to the study of new lipid targets. 71 More discussion among regulators, academia, learned societies, and sponsors as well as payers is needed to achieve consensus on whether and when broad or narrow study populations should be targeted in clinical trials.
Engaging payers as stakeholders
Payers are key stakeholders in the health care system, but the process of engaging them in the drug development process can be challenging because of the traditional stepwise paradigm of development, approval, prescribing, and reimbursement. Integrating payers earlier in the process may allow for pivotal clinical trials to be designed with additional endpoints that are meaningful from the payer perspective and drive reimbursement decisions, although payers may not be bound by advice provided during development. 72 Reduction in subsequent cardiovascular events, health care utilization, and quality of life may better inform payer considerations of cost-benefit. Proactively addressing evidentiary requirements from payers may speed access of effective therapies to patients after approval, but drivers of reimbursement decisions are not transparent and delays or barriers to access could still occur. This early collaboration might improve consensus building in areas of ongoing debate such as identification of appropriate patients for additional cardiovascular risk reduction therapies, including LDL-C reduction, definition of statin intolerance, and expectations for 'real-world' statin use.
Conclusions
LDL-C lowering consistently reduces the risk of cardiovascular events, but events still occur even in patients on maximally tolerated statin therapy. Thus, there remain opportunities to further reduce cardiovascular events in high-risk patients, perhaps through achieving lower LDL-C levels and for a longer duration, or through new non-LDL-C targets. Genetic and subgroup analyses suggest that cholesterol remnants and lipoprotein (a) appear to be promising lipid species for therapeutic intervention. 73, 74 Careful attention should be placed on the lessons learned from the past major lipid trials to increase the likelihood of identifying effective therapies that can improve patient outcomes. Current regulatory guidance reflects contemporary thinking regarding drug development, and the requirements are unlikely to be modified based on the present evidence. However, regulatory authorities are willing to consider adaptations in the guidance as new data emerge. In addition to planning clinical trials necessary to obtain marketing authorization, collaboration among researchers, regulators, clinicians, patients, and payers is essential to better align objectives, promote efficiencies, encourage recruitment in clinical trials, and ensure patients have access to effective and safe therapies.
Supplementary material
Supplementary material is available at European Heart JournalCardiovascular Pharmacotherapy online.
